An investigation was carried out to evaluate the effectiveness of strengthening RC slabs using basalt fibre reinforced epoxy laminate. Basalt fibre was recently introduced and its mechanical properties are similar to glass fibre reinforced plastic. In this study, two design configurations of cross-shape and square-collar laminate were used to strengthen RC slabs. Experimental results showed that the square-collar laminate was much more effective in improving the load carrying capability as well as in reducing the deflection at mid-length. Test results of RC slabs strengthened with the cross-shape configuration showed no strengthening effect. This could be due to the premature failure of the laminate in the high stress area at intersection. Analysis of the designs using finite element model correlated very well with the experimental results. The analytical results also showed uneven distribution of the stress level in the laminate of crossshape configuration which might cause the premature failure.
INTRODUCTION
In recent years, much research has been carried out on the use of carbon fiber reinforced plastics (CFRP) for strengthening reinforced concrete (RC) structures. However, most of the work published in the literature /1-7/ is focused on the strengthening of RC beams and there are only limited data on RC slabs. Basalt fiber reinforced plastics (BFRP) is a relatively new material system as compared with the other popular material systems of carbon fibre reinforced plastics and glass fibre reinforced plastics (GFRP). In addition, the mechanical properties of BFRP are quite similar to GFRP and it is also inert to alkaline environment as reported in /8/. It appeared that the BFRP material system could be used for structural or strengthening applications. In this study, experimental work was conducted to evaluate design configurations for RC slab strengthening using BFRP materials. The material properties and processing characteristics of BFRP used in this investigation were from manufacturer's product sheet /8/. Also, finite element models were used to analyze the design configurations.
EXPERIMENTAL INVESTIGATION

RC Slab Configuration
Four RC slabs were tested in this experiment. The dimensions of the RC slabs were 1600mm χ 1600mm χ 100mm. 
Specimen Preparation
After the reinforced concrete slabs were casted in wooden formwork and cured for over a month, they were strengthened by bonding FRP sheets according to the configurations as presented in previous section. In the retrofitting process, the concrete surface for bonding of FRP was first roughened with a needle gun.. This operation would remove the cement paste at the concrete surface and exposed the aggregate for better bonding between the concrete and the FRP plate. A primer was then applied onto the roughened surface to enhance the bonding quality between the epoxy and the concrete surface. A coating of epoxy was applied before the laying of FRP sheet where the FRP sheet was totally wetted by the epoxy. Different layers of FRP were applied until the required thickness was attained. Once the resin is mixed, the polymerization will start and will cause the FRP sheet to harden and bond strongly to the concrete. Visual examination of the bonded FRP sheets indicated there were no visible voids on the surfaces. Before testing of the specimens, at least seven days were allowed for the resin to be completely cured and to attain its maximum strength.
Properties of BFRP
The properties of BFRP are shown in Table 1 . 2. Since this laminating was a wet lay-up process, the fibre content in the BFRP laminate was approximately 50%,
Testing of RC Slab Strengthened with Cross-shape Configuration
All the specimens were tested in an 810 Material Test System (MTS) located in the Structure Laboratory of Civil Engineering Department of Hong Kong University of Science and Technology. Specimens were supported on all four edges of a steel frame and loaded at the center through a square steel plate of 250mm length (Fig. 3) . The specimens were loaded up to failure using a displacement control of 0.9mm/min. Strain gauges were installed on FRP plate. A RC slab without strengthening was tested as control for comparison. The squared RC slab specimen supported by 4 edges would be tested by a central load and the slab would be subjected to bi-directional loading. Since the strengthening material was unidirectional sheet, the cross ply laminate should be used. For the strengthened slabs, a cross-shape strengthening scheme was first designed (Fig. 2 ). One and two layers of BFRP were used for strengthening the RC slabs, respectively.
Test Results
Test results are presented in Table 2 , and the failure modes of one layer and two layers of strengthening RC slabs are shown in Figs. 3 and 4, respectively. 
Science and Engineering of Composite Materials
From the test results, the slabs strengthened with BFRP in cross-shape configuration did not show any strengthening effect. The BFRP almost always failed at the 90 degree corner of the center area. From the measurement of maximum FRP strain, the BFRP failed at a strain level which was much lower than its ultimate strain. From the observed cracking pattern, cracks were initiated at the central loading area where the deflection was the maximum, and propagated toward the edges. Therefore, for the effective use of BFRP in strengthening, new design for the strengthening should be adopted to prevent the pre-mature failure.
Testing of RC Slabs Strengthened with Square-collar Configuration
A 'square-collar' strengthening configuration was designed (Fig. 5) . Based on the observation on the previous testing, it was noticed that the cracks in the slab would form at the maximum deflection point, and the major cracks would then propagate along the diagonal axes of the slab as the load increased. In order to arrest the crack propagation along the diagonal axes, the longitudinal direction of the fibre was placed 90 degree to the crack path. In this arrangement, the tensile strength of the fibre would be fully utilized to resist the crack opening. A new design of square-collar pattern was developed and used for the RC slab strengthening. Test results are shown in Table 3 . For the square-collar configuration, the load carrying capacity of the strengthened slab was increased by about 40%, while the deflection was reduced by about 43%. It showed that the new design of 'square-collar' configuration did provide very effective strengthening.
Table 3
Test results of BFRP-strengthened slabs in 'square-collar' strengthening and control slab Slab No. 
FINITE ELEMENT ANALYSIS
Finite Element Model
The finite element model for the control slab and the cross-shape strengthened slab is shown in Fig. 6 , while that for the 'square-collar' strengthened slab is shown in Fig. 7 . 
Assumptions in Analysis
The finite element model using ANSYS code was used for the analysis of RC slabs strengthened with two different configurations /9-16/. According to the test conditions, the following assumptions were made in the analysis: (1) perfect bond between the concrete and the steel reinforcement, and no relative displacement between them; (2) perfect bond between the concrete and the FRP plate, and no relative displacement between them.
Selection of Elements
The element Solid 65 was selected to model the reinforced concrete slab, as the steel reinforcements were evenly distributed across the whole slab. The element Shell 41 was selected to model the FRP plate. 
Stress-strain Relationship of Materials
Analytical Results
As shown in Fig. 8 , the trend of the load-deflection curves of the computational results and the experimental results are similar. When the load was small, the deflections of the strengthened slabs with cross-shape configuration were
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smaller than that of the unstrengthened slab. Also, the one strengthened with two layers of BFRP exhibited smaller deflection than the one strengthened with one layer. However, when the load was gradually increased, the loaddeflection curves of the cross-shape strengthened slabs would become very close to that of the unstrengthened slab.
Finally, the ultimate loads of one layer slab and control slab were almost the same. This phenomenon was also reflected in the computational analysis with the finite element model. The 2-layer cross-shape strengthened slab performed slightly better than the 1-layer cross-shape strengthened slab, but the load-deflection curves were very similar to that of the unstrengthened slab. Therefore, the strengthening effect was very small. The load-deflection curve of the 'squarecollar' strengthened slab behaved differently from the load-deflection curve of the cross-shape strengthened slab, both the yield load and ultimate load were much higher. For the same load value, the deflection was much smaller than that of the cross-shape strengthened slab. The stress distribution of BFRP in cross-shaped strengthened slab was compared with that in 'square-collar' strengthened slab (Figs. 9 and 10 ). For the cross-shape strengthened method, the BFRP stresses in the central area were greatest, while the stresses were smaller towards the ends of the BFRP plate. The stresses are very uneven across the BFRP plate. Also, at the intersecting region of the cross-shape BFRP, the BFRP plates were experiencing tension in the two perpendicular directions. Therefore, the stress distribution exhibited a 'X' shape at the middle. The maximum strength of the BFRP is in the longitudinal direction. At the intersection area of the cross-shape laminate, there are two force components acting on the laminate during the loading. One component is the in-plane pulling force by laminate along the fiber direction, and the other is the out-of-plane bending acting on the diagonal axes of the slab, which is 45 degree to the cross-shape laminate. Since the out-of-plane shear strength of the laminate is very weak, which is predominated by the resin property, the out-of-plane failure would occur first at the intersection during loading. The test results indicated the premature failure due to out-of-plane shear stress and the cracks would propagate towards to the edges. 
Science and Engineering of Composite Materials
After using the 'square-collar' strengthened method, the stresses tend to be evenly distributed along the length of the BFRP plate, as shown in Fig. 10 . Fig. 10 shows the stress level at a maximum load of 145.25kN. Similarly, Fig. 9 also gives the BFRP stress at the experimental peak load. Although the load-carrying capacity of the 'square-collar' strengthened method was greater than that of the cross-shape strengthened method, the maximum BFRP stress was smaller than that of the cross-shape one. It seems that the larger maximum BFRP stress in the cross-shape method would imply a more effective use of the BFRP; however, only a small portion of BFRP at the central region reached the maximum stress in the cross-shape method, and most of the BFRP stresses were at relatively low levels, especially those near the end of the BFRP plate due to the unevenly distributed stress level. For the 'square-collar' strengthened method, the stresses are quite evenly distributed. The reason for the smaller stresses near the lower left corner was due to the fact that the bottom side was restrained in the Y-direction and at the same time the left side was restrained in the X-direction in the computational model. Therefore, the result is not totally symmetrical. The situation would not be happening in the real loading and restraining situation.
[From the results of the BFRP stresses on the other three sides, we can still draw reliable conclusions from them. The stress distributions of the BFRP on these three sides were similar.
The stress values were also similar.] The stresses were evenly distributed along the BFRP length. It means that the strength of BFRP in the 'square-collar' strengthened configuration can be effectively utilized. This explains why the degree of strengthening was much better than that of the cross-shape strengthened method.
CONCLUSIONS
Test results of experimental work and the finite element analysis demonstrated that BFRP material can be used in strengthening of RC slabs.
The strengthening effect is related to the number of layers of BFRP and the proper design of the strengthening configuration. There was almost no strengthening effect when the cross-shape method was used due to premature failure caused by the uneven stress distribution and the weak out-of-plane shear strength.
Based on the observation and the cracking pattern of the slab strengthened with cross-shape configuration, a new design of 'square-collar' configuration was used, where the FRP alignment was perpendicular to the major cracks. The strengthening effect was very good. Also, the same result was obtained with the computational modeling by ANSYS.
This demonstrated that when BFRP was aligned in the direction perpendicular to the crack opening, the tensile resistance of the FRP can be utilized effectively in slab strengthening. The use of finite element model using ANSYS code is very useful for analyzing the stress distribution and failure pattern of the strengthened RC slabs
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